Abstract Postoperative visual loss associated with spine surgery is a rare complication with no established definitive etiology. Multiple case reports have been published in the literature, and an overview of the case reports of the various visual disturbances following spine surgery is presented. Our objective was to review the current literature and determine if there were any risk factors that suggest what kind of patients have a higher likelihood of developing postoperative visual loss. Furthermore, analysis of factors common to the cases may offer a better understanding of possible etiologies leading to prevention strategies of postoperative visual loss. We used PubMed to perform a search of literature with spine surgery cases that are associated with visual disturbances. A total of 7 studies representing 102 cases were reviewed and evaluated in regard to age, sex, comorbidities, diagnosis, operative time, blood loss, systolic blood pressure, lowest hematocrit, and visual deficits and improvement. Ischemic optic neuropathy, especially posterior ischemic optic neuropathy, was the most common diagnosis found in the studies. The average age of the patients ranged from 46.5 years to 53.3 years with the majority having at least one comorbidity. Operative time ranged on average from 385 min to 410 min with a median in one case series of 480 min, average blood loss ranged from 3.5 l to 4.3 l and no visual improvement was seen in the majority of the cases. The etiology of postoperative visual loss is probably multifactorial, however, patients with a large amount of blood loss producing hypotension and anemia along with prolonged operative times may be causing a greater risk in developing visual disturbances. An acute anemic state may have an additive or synergistic effect with other factors (medical comorbidities) leading to visual disturbances. Although our study failed to provide definitive causative factors of postoperative visual loss, suggestions are made that warrant further studies.
perioperative visual loss to be 1 per 61,000 in their study of nonopthalmological surgeries. A more recent and defined article in terms of spine surgery by Warner et al. [51] reported that they had no incidences of perioperative visual loss in approximately 12,000 spinal procedures. Reports of visual disturbances in the literature, especially following spine surgery, is of growing concern to the surgeon as well as to the anesthesiologist. In 1999, the American Society of Anesthesiologists created the Postoperative Visual Loss Registry (ASA POVL) to determine if there is a common denominator or risk factors that make an individual more susceptible to postoperative visual loss. This registry excludes ophthalmologic surgeries.
In the most recent report released by the ASA POVL [33] , 79 cases have been submitted with 67% of cases being associated with spine surgery. Ten percent of the cases occurred with cardiac bypass procedures and 25% with miscellaneous procedures (liver transplant, thoracoabdominal aneurysm resections, peripheral vascular procedures, head and neck operations, prostectomies and other cases). The ophthalmologic diagnosis associated with the spine surgery cases (N=53) included ischemic optic neuropathy (ION) (n=43), central retinal artery occlusion (CRAO) (n=7) and unknown diagnosis (n=3). This report was abbreviated; therefore, an extensive review is unavailable. Their results are presented in Table 1 as a comparison with the other published reports found in the literature.
The purpose of this article is to (1) review the cases in the literature regarding visual disturbances in association with spine surgery, (2) describe the visual disturbances associated with spine surgery, and (3) discuss the various pathophysiological mechanisms thought to produce the disturbances.
Materials and methods
A literature search was performed using PubMed reviewing spine surgery cases associated with visual disturbances. The search included all peer reviewed English journals without any other limitations. Key words used in the search included ''spine surgery,'' ''blindness,'' ''visual loss/disturbance,'' and ''ischemic optic neuropathy.'' All forms of spine surgery were included, although the majority of cases were lumbar decompressions and fusions. All identified literature-reported cases in English have been included in this review. A total of 7 studies representing 102 cases were reviewed and evaluated in regard to age, sex, comorbidities, diagnosis, operative time, blood loss, systolic blood pressure, lowest hematocrit, and visual deficits and improvement. Statistical analysis was performed by one of the authors (B.G.) to obtain the data reported in Results section and in Table 1 . We lacked a control group, which precluded us from doing a more detailed analysis.
Results
In the largest review of visual loss following spine surgery to date, Myers et al. [36] presented 37 cases. The average age of the patients was 46.5 years with a range of 12-68 years. Risk factors noted in the patients included hypertension, smoking, diabetes, and vascular disease. Almost all of the patients were placed in the prone position throughout the operations, which averaged 410 min. Systolic blood pressure and hematocrit dropped from an average of 130 mmHg and 40% preoperatively to 77 mmHg and 28% intraoperatively, respectively. In a matched group comparison of patients with no visual disturbances outlined in their study, only operative time and intraoperative blood loss were found to be significantly greater in patients with visual impairment. The most common symptoms that the patients experienced were visual field/acuity loss or complete blindness. Symptoms were noted in 81% of the cases by the second postoperative day. ION accounted for the majority of the diagnosis with central retinal artery occlusion and cortical ischemia making up the remainder of the diagnoses. Only 36% reported improvement and 68% reported no improvement [36] .
The cases reported in Myers et al. [36] included ten cases that were previously reported in the literature as stated in their article and by cross-referencing their bibliography. These ten cases were excluded from our literature review. Therefore, our search yielded 15 cases found in the literature. The age of the 15 patients who were found by our search ranged from 12 to 79 years with the average being at 53.3 years. Comorbidities included diabetes, hypertension, smoking, heart disease, vascular disease, and obesity. The patients were almost exclusively placed in a prone position with an average operation time of 385 min, average blood loss of 4.3 l, and the lowest reported hematocrit for each patient ranged from 18.5% to 39.0%. The most common diagnosis was ION with the remaining split between central retinal artery/venous occlusion and occipital infarction. Visual improvement occurred in 40% of the cases while 60% reported no change in vision upon final follow-up [1, 12, 24, 34, 46] .
Reviewing the ASA POVL registry data reveals that 53 cases associated with spine surgery have been submitted. Of the 53 cases, 43 were diagnosed with ischemic optic neuropathy, 7 were diagnosed with central retinal artery occlusion, and the remaining had an unknown diagnosis. The majority of patients with ION had bilateral involvement, experienced a median blood loss of 2.3 l and had no vision improvement. The patients with CRAO had unilateral visual deficits, experienced a median blood loss of 0.7 l, and none experienced vision improvement. Due to the ASA POVL registry being a closed claims project, previous published data might be included in this registry. We contacted the directors of the ASA POVL registry, but they were unable to supply any additional information or clarification on which cases have been submitted to the closed claims project. Therefore, overlap may exist between the cases found in our literature search with the cases reported in the ASA POVL Registry.
Discussion

Lesions associated with spine surgery
A) Ischemic optic neuropathy
The presence of an afferent pupillary defect indicating a unilateral optic nerve dysfunction, visual field defect, and an absence of other causes of decreased vision is diagnostic of ION. In contrast to ION of other etiologies that usually produce unilateral lesions, over half of the cases reported in the ASA POVL registry had bilateral disease. ION is classified into two categories based upon where the insult occurs in the optic nerve, anterior or posterior. A key difference in determining between anterior and posterior ION is whether optic nerve swelling is present by direct ophthalmoscopy indicating an anterior involvement [46] . Presumably, anterior ischemic optic neuropathy (AION) and posterior ischemic optic neuropathy (PION) can be present simultaneously. This may explain why some of the patients failed to report improvement in their vision because of the possibility that both portions of the optic nerve were involved resulting in a greater degree of injury. Selective anterior or posterior optic nerve neuropathy occurs possibly due at least in part to differences in blood supply to the two different areas of the nerve. Perhaps if only one section of the nerve is involved, then the prognosis may be better. From the presented data and the case reports, it appears that PION may be associated with poorer prognosis for vision improvement as noted by Dunker et al. [12] .
Anterior ischemic optic neuropathy: AION is usually painless and irreversible, and is associated with two characteristics: (a) presence of visual field deficits and/or changes in visual acuity, and (b) optic disc edema with subsequent atrophy [17, 55] . The optic disc swelling is perhaps the earliest sign of AION [19, 42] . Splinter hemorrhages may also be present around the optic disc [16] . Most commonly, the visual field defect occurs in the inferior half of the visual field [6, 37, 38] . Visual loss from AION results from infarction of the short posterior ciliary arteries in the choriocapillaris in the watershed areas [37, 52] . However, variations in the blood supply of the optic nerve determine the severity of visual loss as ''differing degrees of ischemia produce differing effects'' [18, 19, 54] .
Other factors contributing to a decrease in perfusion pressure include blood viscosity, as AION has been reported in patients with an increased viscosity. Sickle cell disease and polycythemia have led to this above normal viscosity [42, 44] . Decreased oxygen transport associated with iron-deficiency anemia and hemorrhages are also reported in the literature as causes of AION [2, 30, 39, 47, 48] . Anatomical differences, especially in small optic disks, are associated with a higher frequency of AION [26, 35] . Multiple treatment modalities have had little success in the treatment of AION. Retrobulbar steroid injections, antiplatelet therapy, anticoagulants, phenytoin, norepinephrine and blood replacement have been reported in the literature as attempted modalities [3, 17, 21, 29, 43] .
Posterior ischemic optic neuropathy: PION is like AION presenting as acute loss of vision with visual field defects. PION is not usually associated with occlusive vascular disease. Severe anemia or hypotension is the more likely cause of PION because of the more tenuous blood supply to the retrobulbar optic nerve [4, 54] . Due to this poor blood supply, a watershed area exists within the posterior portion of the optic nerve. Williams et al. [54] suggests that the etiology of PION is multifactorial when ''severe hypotension and anemia are combined with at least one other factor (e.g., congenital absence of the central artery, infection or venous obstruction)''. Surgery, trauma or GI bleeding in which severe anemia and hypotension occurs have also been associated with PION [20, 25, 27, 36, 46] .
B) Central retinal artery occlusion
According to Lee, CRAO is thought to have three possible etiologies, direct pressure on the globe from face masks and cushions in the prone position, by emboli, or by low-perfusion pressure in the retina. The findings of low-estimated blood loss, lack of anemia, shorter duration of prone position (versus patients with ION), unilateral disease, and no vision recovery were consistent with the proposed etiologies [33] . The site and duration of the vascular insufficiency presumably determines the visual defect caused and its reversibility. For instance, most retinal artery occlusions due to emboli during open-heart surgery resolve within 30 min of discontinuation of cardiopulmonary bypass [54] . Occlusion of a branch of the artery results in a limited field defect or blurred vision. Ophthalmologic examination in patients with CRAO reveals a pale, edematous retina, cherry-red spot on the fovea, and platelet, fibrin or cholesterol emboli in the narrowed retinal arteries. Optic atrophy, the usual outcome in ION, occurs in 50% of eyes with CRAO [54] .
Proposed theories of visual disturbances following spine surgery Although a direct causal relationship has yet to be determined, there are numerous suggestions on how intraoperative events may lead to blindness following spine surgery. The above-mentioned case reports suggest several modifiable contributing factors including anemia, hypotension, and prolonged pressure on the eye as predisposing factors. Risk factors, especially atherosclerotic, have been proposed that may predispose a patient to an increased risk of visual loss, which include chronic hypertension, smoking, vascular disease, diabetes, increased blood viscosity, and anatomic anomalies [5, 6, 8, 13, 27, 54] .
Anemia is a proposed contributing factor in visual loss associated with spine surgery as well as other surgeries [8, 27, 28, 32] . Myers et al. [36] found that only operative time and intraoperative blood loss were statistically significant in their patients experiencing vision loss. There was no difference between the blindness group and the control in hematocrit and systolic blood pressure, although both were considered to be below normal.
The notion that hypotension is a contributing factor that has been reported, but induced intraoperative hypotension and its relative few complications in the majority of patients suggests that hypotension in the absence of other risk factors is unlikely the direct causative agent [36] . The amount of time that the patient remains hypotensive may be more important than the degree of hypotension [18] . Infarction of the optic nerve head where the blood supply is most susceptible to compression from edema has been shown to occur in anemic patients who experience hypotension [25] .
Direct pressure upon the eye, increasing intraocular pressure (IOP), has been documented as a possible factor resulting in visual loss [7, 14, 15, 22, 23, 45, 46, 53, 56] . Venous congestion and arterial occlusion are the proposed reasons why ischemia occurs in the retina due to the prone positioning [50] . When IOP exceeds intravenous pressure, venous collapse occurs resulting in decreased blood flow.
Other cases have also been reported of blindness in the prone position [9, 11, 36, 40] . Most patients who undergo spine surgery in the prone position do not experience visual disturbances [34] . There are also pub-lished reports of patients experiencing visual loss after general surgeries in the supine position where it is highly unlikely that direct pressure on the eye ever occurred [27, 54] . Therefore, other factors must contribute to these visual changes such as ocular anatomy, coexisting morbidities, and fluid replacement [34] . For example, occlusive eye protection may not allow appropriate expansion of the eyelids, thus placing pressure upon the eye and increasing IOP [55] . PION may occur when patients are placed in the prone position for a long duration, thereby increasing venous congestion especially when receiving large volume fluid replacement [11, 54] . Even though direct compression of the globe can cause perioperative blindness, more likely etiologies remain [34] .
A recent article by Cheng et al. [10] examined IOP in spinal surgeries studying the effects of prone positioning under general anesthesia on IOP. They showed that a statistically significant increase in IOP occurs in the prone position when compared to the patient's preoperative baseline under general anesthesia. Lam et al. [31] showed an increase in IOP over baseline in prone awake patients after 8 min. Moreover, a direct correlation was found between the amount of time spent in the prone position and the resulting increase IOP [10] . IOP may also be influenced by prone positioning in that peritoneal pressure increases translating into higher central venous pressure and peak inspiratory pressure. When a patient is in the prone position, the optimal position is a head-neutral or head-up position due to studies showing that Trendelenburg position increases IOP [49] . Finally, a positive intraoperative fluid balance has been shown to increase IOP, and perhaps may have an additive effect on increasing IOP when the patient is placed in the prone position although further studies are needed to investigate this question.
Conclusion
Postoperative visual loss remains an unfortunate and infrequent morbid event occurring in patients undergoing spine surgery. According to the cited incidence rates, postoperative visual loss is rare enough that a practicing spine surgeon would highly unlikely encounter this complication during their career, yet it still may occur at any given time. Although we believe that the etiology is multifactorial, blood loss and operative times are two intriguing characteristics we discovered in our review. All patients may be at the risk of postoperative visual disturbances following spine surgery but there seems to be a greater risk when the surgery is prolonged and the amount of blood loss as previously suggested by Myers et al. [36] . An acute anemic state may have an additive or synergistic effect with other possible causative factors leading to an ischemic event at the optic nerve. Careful attention to perioperative details may influence a patient's risk in developing visual disturbances, for example, smoking cessation before surgery, documentation of visual impairment prior to surgery, avoiding direct pressure on the eye, and judicious use of drugs and anesthetics in patients with glaucoma. Other examples include avoiding prolonged reduction of oxygen delivery to the eye as a result of hypotension or anemia and minimizing the duration a patient is in the prone position. In conclusion, we believe there is ample evidence presented here to suggest that a search for dissimilarities in risk factors and intraoperative events associated with different lesions found in patients with postoperative visual disturbances might advance the understanding of causes and prevention of this unfortunate outcome.
